Although constant treatment with morphine (implanted pellets) does not activate the hypothalamic-pituitary-adrenal (HPA) axis, intermittent injections of morphine may constitute a chronic stressor in rats. To test this hypothesis, we compared the effects of morphine in escalating doses (10-40 mg/kg, s.c.) or saline injected twice daily for 4 days on energy balance, hormones, HPA responses to novel restraint and central corticotropin-releasing factor (CRF) mRNA 12 h and 8 days after the last morphine injection in adult male Sprague-Dawley rats. Weight gain stopped at the onset of morphine, weight loss was marked 36 h postmorphine; thereafter, body weight gain paralleled saline controls. At 12 h, insulin, leptin, and testosterone concentrations were reduced but normalized by 8 days. Restraint and tail nicks caused facilitated ACTH responses at 12 h, under-responsiveness at 8 days. CRF mRNA, measured only at 12 h, was increased in the paraventricular (PVN) and Barrington's nuclei (BAR), decreased in the bed nuclei of the stria terminalis (BNST) and unchanged in the amygdala (CeA) in morphine-treated rats. After stress, CRF mRNA increased in PVN in both groups, increased in BAR and decreased in BNST in saline but not morphine groups, and was unchanged in CeA in both groups. Results from all variables characterize intermittent morphine injections as a chronic stressor. In contrast to constant treatment, injected morphine probably allows some withdrawal during each 12 h interval, causing repeated stress. Drug addicts treat themselves intermittently, and stress causes relapse after withdrawal. Thus, intermittent morphine, itself, may promote relapse.
INTRODUCTION
Drug addiction comprises compulsive drug craving, drug seeking, and drug use even in the face of negative consequences (Leshner and Koob, 1999 ). An important component of drug addiction is that it is a chronic relapsing disorder with cycles of reinstatement of drug taking after repeated attempts to abstain. A major factor that contributes to reinstatement after abstinence is stress. In humans, the majority of relapses occur during states of stress (Koob and Le Moal, 2001; Kreek and Koob, 1998) . Similarly, in animal models, stressors also reinstate opioid self-administration (Shaham et al, 1997 (Shaham et al, , 1998 Shalev et al, 2001) . Furthermore, induction of a 'stress-like' state by intracerebroventricular injection of corticotropin-releasing factor (CRF) reinstates heroin seeking (Shaham et al, 1997) , whereas CRF receptor antagonists attenuate stress-induced relapse to drug seeking in heroin-trained rats (Shaham et al, 1997 (Shaham et al, , 1998 ). CRF appears to mediate stress-induced reinstatement of drug seeking.
CRF integrates many of the endocrine, behavioral, and autonomic responses to stressors and is implicated in many aspects of drug addiction as well (Sarnyai et al, 2001) . High concentrations of CRF are located in the medial parvocellular division of the paraventricular nucleus (mpPVN) of the hypothalamus. These neurons release CRF into the pituitary portal system triggering release of ACTH and then adrenal glucocorticoids. The central nucleus of the amygdala (CeA), the bed nuclei of the stria terminalis (BNST), and Barrington's nucleus in the brainstem also contain groups of CRF-synthesizing neurons that interact functionally with the PVN to modulate acute as well as chronic stress responses Imaki et al, 1991; Koob and Heinrichs, 1999; Makino et al, 1999) . Altered activity of the hypothalamic and extrahypothalamic CRF network as a consequence of chronic exposure to opioids probably contributes to the vulnerability to relapse.
Although the first injection of morphine stimulates the hypothalamic-pituitary-adrenal (HPA) axis in awake rats (Buckingham, 1982; Milanes et al, 1993) , chronic treatment with morphine provided by constant infusions or implanted pellets does not activate the HPA axis (Eisenberg, 1985; Laorden et al, 2000; Milanes et al, 1993 Milanes et al, , 1997 Pechnick, 1993; Sarnyai et al, 2001) . During treatment, hypothalamic CRF does not increase (Lightman and Young, 1988; McNally and Akil, 2002; Milanes et al, 1997; Zhou et al, 1996) , and circulating ACTH and corticosterone are low Milanes et al, 1997 Milanes et al, , 1998 . Furthermore, morphine dependence induced by pellet implantation attenuates HPA responses to subsequent novel stimuli (Chang et al, 1996; House et al, 2001) . In marked contrast to the above, intermittent treatment with escalating doses of morphine results in elevated basal ACTH and corticosterone concentrations (Houshyar et al, 2001b) as well as facilitated pituitary-adrenal responses to novel restraint in rats tested just prior to their expected next injection (Houshyar et al, 2001a, b) . Facilitation after a new stimulus is a characteristic response to chronic stress exposure (Dallman and Bhatnagar, 2001 ) and suggests that cycles of marked stimulation of the HPA axis may occur in response to repeated cycles of partial withdrawal associated with intermittent drug administration.
Similarly, in humans, opioid addiction appears to be a chronic stressor when partial withdrawal occurs before the next dose. The induction of dependence, withdrawal, and abstinence phases of addiction resemble the effects found during these periods in rats (Kreek et al, 2002) . On the street, short-acting opioids, such as heroin, are taken intermittently and those who take them are stress hyperresponsive (Cami et al, 1992) . In contrast, addicts maintained on the long-acting opioid methadone during detoxification have low cortisol concentrations and are stress hyporesponsive (Gerra et al, 2001; Mutti et al, 1992; Vescovi et al, 1989) . Intermittent treatment with escalating doses of morphine closely parallels the drug use pattern observed in opioid addicts and thus serves as an excellent model for studying perturbations of the HPA axis in response to opioid dependence.
Here, we tested the hypothesis that short-term opioid dependence induced by intermittent morphine injections is a chronic stressor that alters brain CRF and hypothalamic AVP, thus resulting in modified pituitary-adrenal responses to a novel stressor. We delivered morphine in escalating doses at 12 h intervals for 4 days, and examined HPA activity under basal and stress conditions 12 h and 8 days after the final morphine injection. As changes in energy balance are sensitive indices of stress in rats (Dallman, 2001 ), we measured energy balance, metabolic hormone levels, and fat depot weights in response to morphine dependence and withdrawal.
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats 60 days old (Bantin and Kingman, Gilroy, CA), weighing 250-300 g at the beginning of experiments, were used for these studies. Rats were housed individually in hanging wire cages with free access to food (Purina Rodent Chow, Diet 5008) and water. They were housed in a room maintained under standard conditions of light (lights on, 0700-1900) and temperature (22 7 21C). Experiments were initiated shortly after lights on, between 0700 and 0730. 
Morphine Dependence and Withdrawal
On the basis of previous studies, morphine dependence was induced by subcutaneous injections of morphine (National Institute of Drug Abuse) twice daily (0700 and 1900) for 4 days with increasing doses (10, 20, 30, 40 mg/kg/injection) on each day (Houshyar et al, 2001a, b) . After termination of morphine treatment, rats received either one injection of saline 12 h after their final morphine injection (12 h withdrawal) or they continued to receive twice-daily injections of saline for 8 additional days (8-day withdrawal) ( Table 1) . As a control, for each of the above morphine treatment groups, a group of rats was treated with the vehicle saline twice daily for either 4 (12-h control) or 12 (8-day control) consecutive days. Within each of the above treatment groups, rats were decapitated (A) at 0700 (time ¼ 0 min) under basal conditions, (B) at 1100 (time-¼ 240 min) after exposure to repeated tail bleeding, or (C) at 1100 (time ¼ 240 min) after exposure to 30 min restraint stress and repeated tail bleeding.
Acute Stress: Tail Bleeding and Restraint
In the animal room, on the final experimental day, a third of the rats within each group were immediately decapitated under basal conditions (time ¼ 0 min). The other two-thirds of the rats within each treatment group were exposed to tail bleeding 7 30 min restraint stress. For tail bleeding, rats were removed from their home cages and within 2 min a blood sample (time 0) was collected from a cut (B1 mm) made across the tip of the tail. These samples were considered to reflect basal conditions. Rats in the 'tail nick only' group were immediately returned to their home cages, whereas rats in the 'tail nick+restraint' group were placed in restraint tubes. Exposure to restraint was terminated 30 min after initiation of this stressor, at which time rats were returned to their home cages. In both groups, blood was collected by gently dislodging the formed clot at 15, 30, 60, 90, and 120 min after the initial tail nick. Samples of 240 ml were collected using heparinized Natelson blood Intermittent morphine: a chronic stressor H Houshyar et al collecting tubes (Fisher Scientific, Pittsburgh, PA) and kept at 41C until centrifuged in the cold; plasma was aliquoted and frozen until analysis.
Physiological Measures
Body weight and food intake were recorded twice daily at 0700 and 1900 during the times of drug (morphine/vehicle) administration. At the end of experiments, rats were decapitated and trunk blood was collected for determination of hormone concentrations. In addition, epidydimal, mesenteric, perirenal, and subcutaneous white adipose tissues (WAT) as well as adrenals and thymuses were dissected, cleaned, and weighed.
Radioimmunoassays
All plasma hormone concentrations were measured using radioimmunoassays (RIA). Plasma corticosterone and testosterone concentrations were measured using RIA kits purchased from ICN Biomedicals (Costa Mesa, CA 
In Situ Hybridization
Brains were sectioned at 14 mm in the coronal plane, and sections were collected onto Superfrost Plus Microscope Slides (Fisher Scientific) and were stored at À801C until further processing. In situ hybridization was conducted using techniques previously described (Viau et al, 2001) . Briefly, sections were fixed with 4% paraformaldehyde for 5 min and then washed with PBS for 2 min on ice. Then sections were acetylated for 10 min (0.25% acetic anhydride in 0.1 M triethanolamine-0.9% NaCl; pH 8.0) at room temperature. Sections were then rinsed with 2 Â SSC, transferred through 70% (2 min), 95% (2 min), and 100% (2 min) ethanol, 100% chloroform (5 min), and 95% ethanol (2 min) and dried.
Hybridization histochemical localization of CRH and AVP mRNAs was performed using a 33 P-labeled antisense cRNA probe transcribed from a full-length (1.2 kb) cDNA encoding CRH mRNA (courtesy of Dr K Mayo, Northwestern University, Evanston, IL) and a 33 P-labeled antisense cRNA probe transcribed from a 230-bp cDNA fragment encoding the vasopressin-specific 3 0 end (exon C) of AVP (a kind gift from Dr D Richter, University of Hamburg, Germany). The probes were labeled in a reaction mixture consisting of 1 mg of linearized plasmid, 5 Â transcription buffer (Promega, Madison, WI), 5 mCi of 33 PrUTP, and 10 mM of each ATP, CTP, and GTP, 100 mM dithiothreitol, 40 U RNase inhibitor, and 30 U polymerase. The reaction was incubated for 2 h at 371C, and treated with DNase I for 15 min at 371C. Thereafter, the probe was separated from unincorporated nucleotides over a Micro Bio-Spin column (Bio Rad, Hercules, CA). The probe was diluted in hybridization buffer, and 100 ml of diluted probe was applied to each slide to yield approximately 2 Â 10 6 cpm of labeled CRH or AVP probe per slide. Slides were then cover-slipped and incubated overnight at 551C. The next day, slides were dipped in 2 Â SCC to remove the coverslips. Thereafter, slides were washed with RNase A at 371C for 30 min followed by a wash in RNase A buffer (consisting of 1 M Tris, 5 M NaCl, and 0.5 M EDTA) without any RNase A for an additional 30 min at 371C. Next, slides were washed in 1 Â SSC at room temperature followed by a wash in 0.5 Â SSC for 30 min at 601C. Finally, slides were dehydrated in 70, 95, and 100% ethanol for 2 min each and air dried. Slides were then exposed to Hyperfilm MP (Amersham Pharmacia Biotech, Buckinghamshire, England) for 6 h (AVP), 4 days (CRF in PVN), or 7 days (CRF in CeA, Barr, BNST). Subsequently, slides were coated with Kodak NTB2 liquid autoradiographic emulsion (diluted 1 : 1; Eastman Kodak, Rochester, NY) and exposed at 41C in the dark for 18 h (AVP), 12 days (PVN), or 21 days (CeA, Barr, BNST). Emulsion dipped slides were developed with Kodak D-19 for 5 min, briefly rinsed in distilled water for 15 s, fixed in Kodak fixer for 5 min, and then washed in running water for 45 min, all at room temperature. Slides were subsequently counterstained with cresyl violet, dehydrated in graded series of alcohol, placed in xylene, and coverslipped with Permount (Fisher Scientific, Pittsburg, PA). All sections within the same brain region from control and experimental rats were hybridized at the same time.
Semiquantitative densitometric analyses of the relative level of AVP mRNA in the PVN and CRH mRNA in the anterior division of the BNST, the parvocellular region of the PVN, the central nucleus of the amygdala, and in Barrington's nucleus were performed using Macintoshdriven NIH Image software (Rasband, v. 1.61). This was assisted by landmarks made apparent with the cresyl violet staining. Optical density measurements in individual rats were determined from averaged readings of three sections showing the highest AVP or CRH mRNA levels and corrected for background. Analyses were performed blind to the identification of any group.
Data Analysis
Body weight (BW), food intake (FI), and caloric efficiency (CE) data are only displayed for experiment 2, because the treatments and findings within the first 4 days of the experiment were similar between the two experimental groups. BW, FI, and CE were analyzed by one-way ANOVA with time (days) as the repeated measure and treatment as the main factor. Tukey honest significant difference (HSD) test was used to assess the effect of treatment within each experimental day (days 1-12) on BW, FI, and CE. Organ and fat depot weights as well as trunk plasma hormone concentrations were similar between the 'basal,' 'tail nick,' and 'restraint' (at 4 h after the stressor) groups within each treatment group, and therefore the data across these groups were combined. Organ and fat depot weights as well as trunk hormone concentrations were analyzed across experiments by two-way ANOVA, with treatment (vehicle and morphine) and withdrawal duration (12 h and 8 day) as the main factors, and within experiments by one-way ANOVA with treatment as the main factor. ACTH and corticosterone data were analyzed by two-way ANOVA, with time (min) as the repeated measure and treatment and withdrawal duration as the main factors. As appropriate, a one-way ANOVA for repeated measures was used to examine the effect of treatment, and the Tukey HSD test was used to assess the effect of treatment at each particular time point (BL, 15, 30, 60, 90, 120, and 240 min) . Hybridization signals were similar between the 'tail nick' and 'restraint' groups and therefore, the data from these groups were combined ('stress' group). The hybridization data were analyzed by two-way ANOVA with treatment and stress as main factors. Post hoc analysis was performed, when appropriate, using Tukey HSD test. All data are presented as mean 7 standard error of the mean (SEM). All statistical analysis was carried out using Statistica (v. 5.0; Satsoft, Tulsa, OK).
RESULTS
Energy Balance
Body weight. Body weight increased with time (po0.0001) in vehicle-treated rats, but not in morphine-treated rats (Figure 1b ). In addition, after the last of the repeated morphine injections, there was a further dramatic decrease (po0.0001) in food intake during the dark cycle, 36 h after the final injection, from which rats did not fully recover until the final treatment day.
Caloric efficiency. Caloric efficiency (grams of body weight gained/calories ingested) was significantly reduced in morphine-treated rats compared to vehicle-treated rats during drug treatment .05) concentrations were significantly reduced 12 h after the final morphine injection; 8 days after the end of morphine treatment, plasma leptin and insulin concentrations had recovered in morphine-treated rats to levels in vehicle-treated rats.
White fat depot weights. Morphine dependence and withdrawal did not significantly affect the relative weights of any of the white adipose depots evaluated, and although absolute values were decreased in morphine-treated rats, they maintained normal relationships with body weight (Table 2 ). Marked decreases occurred at 36 h, the time of peak withdrawal; thereafter, the rats recovered. Rats received twice-daily injections of morphine (10-40 mg/kg, s.c.) for 4 consecutive days followed by 8 days of saline injections twice daily. The control group was treated twice daily with the vehicle saline throughout. Measurements of body weight and food intake were made every 12 h, caloric efficiency was calculated once daily in the morning. Nocturnally active rats weigh more in the morning and less in the evening, and eat most during the dark period. Only during the dark, but not the light period, was food intake significantly reduced with morphine dependence and withdrawal. The dashed line indicates the time of final morphine injection. The results are expressed as means 7 SEM (n ¼ 12 rats/group). *po0.05 indicates effect of morphine vs saline treatment.
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Gonadal Activity
Testosterone concentrations. Plasma testosterone concentrations serve as an index of the effects of stress on the hypothalamo-pituitary-gonadal axis; activity in this system is inhibited by many, but not all chronic stressors . Morphine dependence and withdrawal transiently decreased plasma testosterone concentrations (Treatment: F(1,44) ¼ 11.8, po0.01; Withdrawal: F(1,44) ¼ 12.0, po0.01; Treatment*Withdrawal: F(1,44) ¼ 0.0, NS) ( Figure 2c ). Plasma testosterone concentrations were significantly reduced 12 h after the final morphine injection (F(1,22) ¼ 22.0, po0.0001). After 8 days, testosterone had recovered to values observed in vehicle-treated rats.
Pituitary-Adrenal Activity
Adrenal and thymus weights. Adrenal weight serves as an integrated measure of ACTH secretion over time (Jacobson et al, 1989) . Morphine dependence and withdrawal significantly affected relative adrenal weight (Treatment: F(1,44) ¼ 53.0, po0.0001; Withdrawal: (1,44) ¼ 374.0, po0.0001; Treatment*Withdrawal: (1,44) ¼ 27.2, po0.0001) (Figure 3a) . At 12 h after the final morphine injection, relative adrenal weights were significantly elevated in morphine-treated rats (F(1,22) ¼ 61.0, po0.001), suggesting a history of elevated ACTH secretion. However, 8 days after termination of morphine treatment, relative adrenal weights were similar between vehicle-and morphine-treated rats, suggesting normalization of ACTH within that period. Thymus weight serves as an integrated measure of inhibitory glucocorticoid action (Akana et al, 1985) . Morphine withdrawal also significantly affected relative thymus weight (Treatment: F(1,44) ¼ 1.2, NS; Withdrawal: (1,44) ¼ 41.5, po0.0001; Treatment*Withdrawal: (1,44) ¼ 9.0, po0.01) (Figure 3a) . At 12 h after the last morphine injection, relative thymus weights were similar between vehicle-and morphine-treated rats (Figure 3b ). However, 8 days after termination of morphine treatment, relative thymus weights were significantly reduced in morphinetreated rats compared with vehicle-treated controls (F(1,22) ¼ 9.0, po0.001).
ACTH and corticosterone responses 12 h after the last morphine injection. Basal plasma ACTH was similar between vehicle-and morphine-treated rats 12 h after the last morphine injection (Figure 4a and b) . Acute exposure to restraint produced significant increases in plasma ACTH concentrations in both vehicle-treated (Treatment: F(1,6) ¼ 11.1, po0.05; Time: F(6,36) ¼ 13.6, po0.0001; Treatment*Time: F(6,36) ¼ 7.9, po0.001) and 12-h morphine withdrawn (Treatment: F(1,6) ¼ po0.001; Time: F(6,36) ¼ 35.5, po0.0001; Treatment*Time: F(6,36) ¼ 14.0, po0.0001) rats. However, the ACTH responses to both tail nick alone (Treatment: F(1,6) ¼ 9.3, po0.05; Time: F(6,36) ¼ 12.8, po0.0001; Treatment*Time: F(6,36) ¼ 4.0, Figure 2 Plasma leptin (a), insulin (b), and testosterone (c) concentrations were reduced in morphine-treated rats 12 h after the final morphine injection but had recovered 8 days later. The results are expressed as means 7 SEM (n ¼ 12 rats/group). *po0.05 indicates effect of morphine vs saline treatment. .01) were significantly greater in morphine-treated rats 12 h after the last morphine injection compared with vehicle-treated rats. Initial corticosterone concentrations were also similar between vehicle-and morphine-treated rats 12 h after the final morphine injection (Figure 4c and d) . Acute restraint resulted in a significant increase in plasma corticosterone levels in vehicle-treated (Treatment: F(1,6) ¼ 3.5, NS; Time: F(6,36) ¼ 46.4, po0.0001; Treatment*Time: F(6,36) ¼ 3.1, po0.05), but not morphine-treated rats (Treatment: F(1,6) ¼ 2.1, NS; Time: F(6,36) ¼ 23.7, po0.0001; Treatment*Time: F(6,36) ¼ 1.8, NS). Morphine-treated rats demonstrated an enhanced corticosterone response to tail nick alone as compared to vehicle-treated rats (Treatment: F(1,6) ¼ 2.7, NS; Time: F(6,36) ¼ 43.8, po0.0001; Treatment*Time: F(6,36) ¼ 2.4, po0.05). However, unlike the ACTH response, 12 h after the final morphine injection, morphine-treated rats did not have a significantly greater corticosterone response to restraint as compared with the vehicle-treated control (Treatment: F(1,6) ¼ 3.5, NS; Time: F(6,36) ¼ 25.7, po0.0001; Treatment*Time: F(6,36) ¼ 0.7, NS).
ACTH and corticosterone responses 8 days after the last morphine injection. Basal plasma ACTH was similar between vehicle-and morphine-treated rats (Figure 5a and b). As expected, restraint produced significant increases in plasma ACTH in vehicle-treated rats (Treatment: F(1,6) ¼ 4.5, NS; Time: F(6,36) ¼ 15.6, po0.0001; Treatment*Time: F(6,36) ¼ 5.8, po0.001). However, rats that had been previously treated with morphine and then treated with saline for 8 days did not display a significant ACTH response to restraint (Treatment: F(1,6) ¼ 0.5, NS; Time: F(6,36) ¼ 3.8, po0.01; Treatment*Time: F(6,36) ¼ 1.5, NS). ACTH responses to tail nick 7 restraint stress were similar between vehicle-treated rats and rats undergoing chronic morphine withdrawal, although there was a trend toward a reduced ACTH response to restraint in rats that had been morphine-treated (tail nick: Treatment: F(1,6) ¼ 0.0, NS; Time: F(6,36) ¼ 1.8, NS; Treatment*Time: F(6,36) ¼ 1.8, NS; tail nick+restraint: Treatment: F(1,5) ¼ 1.3, NS; Time: F(6,30) ¼ 15.9, po0.0001; Treatment*Time: F(6,30) ¼ 3.06, p ¼ 0.06).
Basal corticosterone concentrations were similar in vehicle-and morphine-treated rats undergoing 8-day morphine withdrawal (Figure 5c and d) . Acute exposure to restraint produced significant increases in plasma corticosterone concentrations in both vehicle-treated (Treatment: F(1,6) ¼ 3.9, NS; Time: F(6,36) ¼ 31.8, po0.0001; Treatment*Time: F(6,36) ¼ 6.1, po0.001) and 8-day morphine withdrawn (Treatment: F(1,6) ¼ 13.7, po0.05; Time: F(6,36) ¼ 18.0, po0.0001; Treatment*Time: F(6,36) ¼ 4.0, po0.01) rats. There were no significant Figure 4 The ACTH response to the acute, novel stress of tail nick 7 30 min restraint and the corticosterone response to tail nick alone were significantly facilitated in morphine-treated rats 12 h after their final morphine injection. Rats received twice-daily injections of saline or morphine for 4 consecutive days. On day 5, the ACTH and corticosterone responses to tail nick alone (a and c, respectively) or tail nick+30 min restraint (b and d, respectively) were examined. Restraint stress was initiated immediately after the initial tail nick at 0 min and lasted 30 min. Blood was collected under basal conditions (0 min) as well as 15, 30, 60, 90, 120, and 240 min after the initial tail nick. The results are expressed as means 7 SEM (n ¼ 4 rats/group). *po0.05 indicates effect of morphine vs saline treatment. Figure 3 Adrenal weight (a) was increased in morphine-treated rats 12 h after final injection and recovered within 8 days after the last injection, whereas thymus weight (b) was decreased in morphine-treated rats 8 days after the final injection but normal 12 h after the final morphine injection. The results are expressed as means 7 SEM (n ¼ 12 rats/group). *po0.05 indicates effect of morphine vs saline treatment. 
CRF and AVP mRNA 12 h after Last Morphine Injection
Overall, intermittent morphine treatment and stress (tail nick 7 restraint) significantly altered CRF mRNA levels in the PVN (Treatment: F(1,18) ¼ 4.63, po0.05; Stress: F(1,18) ¼ 11.3, po0.01; Treatment*Stress: F(1,18) ¼ 0.44, NS) (Figures 6a-d and 8a) . Under basal conditions, there was a tendency (p ¼ 0.07) toward increased levels of CRF mRNA in the PVN in morphine-treated rats compared to vehicle-treated rats (Figure 6a and b) . Exposure to stress significantly increased CRF mRNA levels in the PVN in both vehicle-and morphine-treated rats (both po0.05). Furthermore, stress-induced levels of CRF mRNA were significantly greater in morphine-compared to vehicle-treated rats (po0.05) (Figure 6c and d) . (Figures 7a,b and 8b) . Under basal conditions, the level of CRF mRNA was significantly increased in morphine-treated rats compared to the vehicle-treated controls (po0.01). Exposure to stress Figure 5 The ACTH and corticosterone responses to the acute, novel stress of tail nick 7 30 min restraint were similar between morphine-and saline-treated rats 8 days after the final morphine injection, although there was a trend toward a reduced ACTH response to tail nick alone in morphine-treated rats. Rats received twice-daily injections of saline or morphine for 4 consecutive days followed by 8 additional days of saline injections in both treatment groups. On day 13, the ACTH and corticosterone responses to tail nick alone (a and c, respectively) or tail nick+30 min restraint (b and d, respectively) were examined. Restraint stress was initiated immediately after the initial tail nick at 0 min and lasted 30 min. Blood was collected under basal conditions (0 min) as well as 15, 30, 60, 90, 120 , and 240 min after the initial tail nick. The results are expressed as means 7 SEM (n ¼ 4 rats/group). *po0.05 indicates effect of morphine vs saline treatment. Intermittent morphine: a chronic stressor H Houshyar et al significantly increased CRF mRNA in Barrington's nucleus in vehicle-treated rats (po0.01) to values similar to those observed in morphine-treated rats under basal conditions. Stress exposure did not produce a further increase in CRF mRNA in morphine-treated rats. Thus, the levels of CRF mRNA in Barrington's nucleus under conditions of stress were similar between vehicle-and morphine-treated rats as a consequence of the control rats responding and the morphine-treated rats not responding to tail nick 7 restraint. The effects of intermittent morphine treatment and stress on CRF mRNA expression in the fusiform (Figure 8c ) and oval (Figure 8d mRNA levels in the BNST were significantly decreased in morphine-treated rats compared to the vehicle controls (po0.01). Exposure to stress significantly reduced CRF mRNA levels in vehicle-treated rats to values observed in morphine-treated rats under basal conditions (po0.01). Stress exposure did not result in a further reduction in CRF mRNA levels in morphine-treated rats. Thus, CRF mRNA in the oval and fusiform nuclei of the BNST under stress conditions was similar in vehicle-and morphine-treated rats.
Neither intermittent morphine treatment nor exposure to stress significantly altered CRH mRNA expression in the central nucleus of the amygdala (Figures 7e,f and 8e) .
Neither intermittent morphine treatment nor exposure to stress significantly altered AVP mRNA expression in either the magnocellular or the parvocellular cells of the PVN (Figure 9a and b) .
DISCUSSION
At 12 h after the last injection of morphine, rats revealed most aspects of altered physiology that are common to repeated or chronic stressors. Changes in energy balance revealed the characteristic signature of chronic stress, central CRF cell groups exhibited altered activity, testosterone was decreased, and HPA axis responsivity to novel stimuli was increased . There was marked recovery with time after morphine withdrawal, such that by 8 days after a short, 4-day regimen of morphine b.i.d., food intake, body weight, hormones and stress responsivity had recovered. However, because it is a chronic stressor, intermittent morphine treatment may itself cause vulnerability to relapse. The data are summarized in Table 3 . nuclei, and unchanged in the CeA (e) in morphine-treated rats under 'basal' conditions 12 h after their final morphine injection. Stress-induced increases in CRF mRNA expression in the PVN were increased further in the morphine-treated rats, whereas stress-induced changes in expression of CRF mRNA in the other structures were similar in the two groups of rats. The results are expressed as means 7 SEM (n ¼ 4-8 rats/group). *po0.05 indicates a significant difference from the saline-basal group; **po0.05 indicates a significant difference from the saline-basal, saline-stress, and morphine-basal groups. Intermittent morphine: a chronic stressor H Houshyar et al
Energy Balance
Consistent with previous findings, morphine dependence reduced body weight gain, and withdrawal 36 h after the last injection decreased body weight further (Boghossian et al, 2001; Houshyar et al, 2001a; Langerman et al, 2001; Levine et al, 1988) . The reduction in body weight gain was paralleled by a marked attenuation of food intake by morphine-treated rats. It has been shown that morphine has a triphasic effect on food intake, inducing initial, brief hypophagia followed by hyperphagia and then persistent hypophagia, that results in an overall reduction in food intake during 24 h (Boghossian et al, 2001; Leshem, 1988) . However, reduced food intake was not solely responsible for reduced weight gain in morphine-treated rats, caloric efficiency was also diminished.
Caloric efficiency (mg wt gain/kcal eaten) was reduced during morphine treatment, and the abrupt cessation of morphine injections precipitated a marked decrease in caloric efficiency 36 h after the last injection. The reduced caloric efficiency in morphine-treated rats was probably a consequence of increased sympathetic neuronal outflow (Akana et al, 1999) . Reduced plasma insulin and leptin concentrations also suggest increased sympathetic activity in morphine-treated rats (Bartness, 1998; Rayner and Trayhurn, 2001) . In support of this, previous studies have shown that opioid dependence and withdrawal are associated with increased noradrenergic and catecholaminergic activity in brain and hypothalamus (Ahtee et al, 1989; Fuertes et al, 2000; Milanes et al, 1993 Milanes et al, , 1997 Milanes et al, , 1998 .
Reduced caloric efficiency in morphine-treated rats may be related to elevated hypothalamic CRF mRNA expression in these animals. Many have shown that CRF injected into the brain reduces body weight, food intake, and caloric efficiency (Buwalda et al, 1997; Shibasaki et al, 1988; Smagin et al, 1999) . Thus, it is likely that some of the effects of morphine on energy balance are mediated through the central actions of CRF on stimulation of sympathetic outflow (Brown et al, 1981; Fisher et al, 1982) . Recovery of caloric efficiency 8 days after intermittent morphine treatment was associated with normalization of circulating leptin and insulin concentrations, suggesting recovery of normal sympathetic activity. We did not measure central CRF expression in those rats, but the near-normalization of pituitary-adrenal activity under basal and stress conditions at this time suggests that central CRF activity in opioid withdrawn rats may have been restored.
The effects of morphine on energy balance are similar to responses observed when animals are exposed to chronic or repeated stressors and provide further evidence that the paradigm induces activity in the central stress network . Many studies have shown that chronic stress reduces body weight, food intake, and caloric efficiency (Dallman, 2001) . Furthermore, chronic stressors (eg intermittent cold or restraint), like intermittent morphine treatment, reduce plasma leptin and insulin concentrations (Akana et al, 1999; Gomez and Dallman, 2001; Gomez et al, 2002) . Thus, the effects of intermittent morphine treatment on energy balance closely resemble effects observed in response to chronic stress, and suggest that our paradigm induces a chronic stress-like state.
HPA Activity
The effects of intermittent morphine treatment on HPA activity further characterize this treatment as a chronic stressor. Similar to our previous observation, morphine treatment resulted in adrenal hypertrophy, whereas withdrawal from morphine was necessary for thymus involution (Houshyar et al, 2001a) . At 12 h after the final morphine injection, despite normal basal hormone values, the ACTH and corticosterone responses to the novel stimulus of tail nick 7 restraint were markedly facilitated in morphinetreated rats. Since this is a time at which rats would normally receive their next morphine injection, the resulting absence of the anticipated subjective response to morphine itself likely presented a novel stressor and may have contributed to the facilitated pituitary-adrenal responses to tail nick 7 restraint. Nonetheless, adrenal hypertrophy, thymus involution, and facilitated ACTH responses to acute, novel stimuli are hallmarks of rats exposed to chronic stressors (Blanchard et al, 1998; Dallman et al, 1992; Marti et al, 1994; Scribner et al, 1993) and provide further evidence that intermittent morphine treatment induces a 'stress-like' state. The facilitated ACTH response to restraint in morphinetreated rats was probably due to increased central drive to ACTH secretion since 12 h after the last injection CRF expression in PVN was increased under both basal and stress conditions despite normal basal ACTH and corticosterone concentrations. Under basal conditions, CRF mRNA was nearly doubled in the PVN of morphine-treated rats. Furthermore, the CRF response to acute restraint was significantly increased in the PVN of morphine-treated rats. This is the first documented change in a CRF response to an acute, novel stressor in opioid-dependent rats. These results are unlike those observed during morphine dependency induced by constant infusions or pellets (Lightman and Young, 1988; McNally and Akil, 2002; Milanes et al, 1997; Zhou et al, 1996) . Our results are probably a consequence of the twice-daily partial withdrawal that accompanies our injection regimen. Chronic exposure to stress also increases CRF mRNA expression in the PVN (Imaki et al, 1991) and results in enhanced CRH mRNA responses to an acute, novel stressor . Thus, these results further support our hypothesis that intermittent morphine treatment causing dependence is a chronic stressor.
Intermittent morphine treatment also produced marked changes in extrahypothalamic CRF expression 12 h after the last dose of morphine. CRF mRNA in Barrington's nucleus under 'basal' conditions was significantly increased in morphine-treated rats. There is strong evidence that Barrington's neurons innervate autonomic premotor neurons (Cano et al, 2000) , and that CRF-expressing neurons are involved, particularly in the sacral region of the cord (Valentino et al, 2000) . Furthermore, increased urinary and fecal excretion are well-known responses to opioid withdrawal (Pinelli et al, 1998) . The elevated CRF mRNA expression in Barrington's nucleus at the end of morphine treatment suggests a role for CRF in these responses to opioid withdrawal, which primarily occurs 36 h after the last injection. Our results are consistent with the known effects of chronic stress on CRF expression in Barrington's nucleus (Imaki et al, 1991; Krukoff et al, 1999) and provide further support for the fact that intermittent morphine treatment induces activity in the central stress network.
Intermittent treatment with escalating doses of morphine produced a marked decrease in CRF mRNA in the BNST, but did not affect CRF expression in the CeA. This is in complete contrast to the results observed in rats implanted with morphine pellets (McNally and Akil, 2002) . It has been suggested that CRF in the BNST coordinates responding to tonic and/or unpredictable stressors, whereas the CRF in the CeA coordinates responding to phasic and/or predictable stressors (Davis and Whalen, 2001; Gray, 1993; Koob, 1999; Schulkin et al, 1998; Walker and Davis, 1997) . Thus, in response to twice-daily injections of morphine that result in repeated partial withdrawal between injections a CRF response in the CeA would be expected, whereas in response to implanted morphine pellets that result in continuous infusion of morphine a CRF response in the BNST would be expected. However, the results obtained are opposite of those expected based on the proposed role of the BNST and CeA in stress responses. This suggests that the predictability and the duration of the stressor may not be sufficient conditions to predict changes in CeA and BNST CRF in stress responses. Furthermore, these results show that implanting morphine pellets and administrating repeated injections of escalating doses of morphine result in markedly different effects on the HPA system. Repeated partial withdrawal associated with intermittent morphine treatment appears to be required for induction of a chronic 'stress-like' state.
The decrease in CRF mRNA in the BNST in response to restraint in vehicle-treated rats is different from the increase observed in response to acute stressors in naïve rats (Makino et al, 1999) and rats undergoing 1-and 6-day heroin withdrawal (Shalev et al, 2001) . The differences in the types of stressors, the opioid dependence paradigms, and interval between exposure to stress/ withdrawal and tissue collection probably contributed to these discrepancies. Furthermore, acute stress produces only transient increases in CRF mRNA expression in the CeA (Helmreich et al, 1999; Hsu et al, 1998) so that evaluating CRF expression 4 h after stress may have prevented us from observing earlier changes that may have occurred in CRF activity in this region in response to acute restraint.
The expression of AVP mRNA in the PVN was unaffected by either exposure to acute restraint or intermittent morphine treatment or the combination of the two stressors. Although changes in AVP mRNA in response to acute stress are less marked, AVP may be a predominant regulator of the HPA axis in response to chronic stress Makino et al, 1995) . Thus, it is surprising that intermittent morphine treatment, a chronic stressor, did not alter AVP mRNA expression in the PVN. In rats receiving constant morphine infusions, AVP mRNA in the PVN is unchanged 18 h after spontaneous morphine withdrawal, but is significantly increased at 26 h (Lightman and Young, 1988) . We might have seen changes in AVP expression in rats undergoing chronic (8 days) morphine withdrawal. As we did not observe any significant changes in the pituitary-adrenal responses to restraint in chronically withdrawn rats, we chose to not examine either CRH or AVP expression in those animals. Our current studies will determine if either 8 days of intermittent morphine treatment or 8 days of withdrawal causes changes in AVP expression in the PVN.
Summary and Significance
The results of this study demonstrated that opioid dependence induced by intermittent morphine treatment reduced energy balance and metabolic hormones. They also showed that hypothalamic CRF, ACTH, and corticosterone responses to an acute, novel stressor are facilitated 12 h after the final morphine injection when rats are undergoing partial opioid withdrawal. Intermittent morphine treatment also modified CRF activity in several brain sites, such as the BNST, Barrington's nucleus, and PVN, which are involved in the network that regulates autonomic, behavioral and neuroendocrine responses to stress. At 8 days after morphine withdrawal, at a time when all indicators of energy balance had recovered, rats displayed normalized pituitary-adrenal stress responses. These data show that chronic opioid dependence induced by intermittent morphine treatment is a chronic stressor.
The results observed in the current study with intermittent morphine treatment are in contrast to the effects previously reported with morphine dependence induced by constant morphine exposure in rats. It is likely that cycles of marked stimulation of the HPA axis in response to repeated cycles of partial withdrawal associated with intermittent drug administration are required for the induction of a chronic 'stress-like' state. In support of this, a recent review discussed the marked differences between the 'on-off' effects of the short-acting opiate heroin and the 'steadystate' effects of the long-acting opiate methadone in humans (Kreek et al, 2002) . Heroin addicts are stress hyperresponsive (Cami et al, 1992) , whereas methadone-maintained patients are stress hyporesponsive (Gerra et al, 2001; Mutti et al, 1992; Vescovi et al, 1989) . Thus, the intermittent mode of drug administration used in the current study is probably a more appropriate model for studying physiological changes associated with opiate dependence and withdrawal in human addicts. Furthermore, it seems possible that the increased HPA responsiveness to novel stress in dependent rats as well as humans may be involved in stress-induced relapse to drug seeking.
Finally, there is recent evidence that metabolic function modulates HPA activity under basal and stress conditions Laugero, 2001) . This is consistent with our observations that HPA activity was markedly perturbed while rats were in negative energy balance and that recovery of normal energy balance was paralleled with recovery of normal HPA activity. The reduced energy balance in morphine-treated rats would be expected to reduce the magnitude of the inhibitory metabolic signal to brain and thus augment brain activities induced by chronic stress. In the future, it would be interesting to examine the interactions between metabolic function and HPA activity in morphine-treated rats.
